The malaria-causing Plasmodium parasites are transmitted to vertebrates by mosquitoes. To support their growth and replication, these intracellular parasites, which belong to the phylum Apicomplexa, have developed mechanisms to exploit their hosts. These mechanisms include expropriation of small metabolites from infected host cells, such as purine nucleotides and amino acids. Heretofore, no evidence suggested that transfer RNAs (tRNAs) could also be exploited. We identified an unusual gene in Apicomplexa with a coding sequence for membrane-docking and structurespecific tRNA binding. This Apicomplexa protein-designated tRip (tRNA import protein)-is anchored to the parasite plasma membrane and directs import of exogenous tRNAs. In the absence of tRip, the fitness of the parasite stage that multiplies in the blood is significantly reduced, indicating that the parasite may need host tRNAs to sustain its own translation and/or as regulatory RNAs. Plasmodium is thus the first example, to our knowledge, of a cell importing exogenous tRNAs, suggesting a remarkable adaptation of this parasite to extend its reach into host cell biology.
The malaria-causing Plasmodium parasites are transmitted to vertebrates by mosquitoes. To support their growth and replication, these intracellular parasites, which belong to the phylum Apicomplexa, have developed mechanisms to exploit their hosts. These mechanisms include expropriation of small metabolites from infected host cells, such as purine nucleotides and amino acids. Heretofore, no evidence suggested that transfer RNAs (tRNAs) could also be exploited. We identified an unusual gene in Apicomplexa with a coding sequence for membrane-docking and structurespecific tRNA binding. This Apicomplexa protein-designated tRip (tRNA import protein)-is anchored to the parasite plasma membrane and directs import of exogenous tRNAs. In the absence of tRip, the fitness of the parasite stage that multiplies in the blood is significantly reduced, indicating that the parasite may need host tRNAs to sustain its own translation and/or as regulatory RNAs. Plasmodium is thus the first example, to our knowledge, of a cell importing exogenous tRNAs, suggesting a remarkable adaptation of this parasite to extend its reach into host cell biology.
tRNA | Plasmodium | trafficking I n Plasmodium, the causative agent of malaria, the nuclear genome has a minimal set of 45 transfer RNA (tRNA) genes, with only one gene per tRNA isoacceptor (1) . This single-gene feature is an exception among eukaryotes, where tRNA genes are usually present in multiple copies. Discrepancies between codon use and expression levels of corresponding tRNAs were also observed in Plasmodium falciparum blood stages (2) . These considerations raise the possibility that, under at least some conditions, the parasite may need an additional source of tRNAs and possibly rely on the import of exogenous tRNAs.
tRNA trafficking is only known to occur between compartments within eukaryotic cells. For example, nuclear-encoded tRNAs can transit from the nucleus to the cytoplasm, return to the nucleus, and be re-exported to the cytoplasm, depending on the tRNA maturation status and cellular environment (3) . Cytoplasmic tRNAs are also imported into mitochondria (and chloroplasts) and participate in protein synthesis, mainly to supplement incomplete sets of organellar tRNAs (4) . Which tRNAs are imported, and the mechanisms used for their transport, diverge considerably among organisms (5, 6) . With these considerations in mind, we identified a Plasmodium genome-encoded protein that has motifs associated with tRNA binding. We show that this surface protein binds and imports exogenous tRNAs from the extracellular space into the parasite and that its deletion affects parasite development.
Results
Identification of Plasmodium tRip. A widely distributed tRNA binding motif is exemplified by a minimal tRNA binding proteinTrbp111-that was first identified in Aquifex aeolicus (7). This free-standing homodimeric protein specifically binds tRNA by recognizing its characteristic elbow structure. Other proteins that contain this motif include the yeast aminoacyl-tRNA synthetase cofactor 1 (ARC1p) (8) , the metazoan AIMP1 (9) , and Toxoplasma gondii Tg-p43 aminoacyl-tRNA synthetase interacting proteins (10).
Like Trbp111, ARC1p and AIMP1 bind tRNAs. Consistently, Tg-p43 is part of a multisynthetase complex, suggesting a tRNA-binding capability. We identified a gene encoding a 402-amino-acid Plasmodium protein (PF3D7_1442300 in P. falciparum) with a Trbp111-orthologous domain at its C terminus and an N-terminal region exhibiting a transmembrane helix motif (https://www.predictprotein.org:443/) (Fig. S1 ). Anticipating that this protein might import exogenous tRNAs, we designated it as tRip (tRNA import protein). We define tRip orthologs as proteins containing a C-terminal tRNA binding domain and a predicted transmembrane helix motif, which we found only in Apicomplexa, a phylum of parasitic protists that contains other human pathogens such as Toxoplasma and Cryptosporidium, in addition to Plasmodium (Fig. S2 ).
P. falciparum tRip Binds Human tRNAs. In an in vitro assay, recombinant P. falciparum protein PftRip binds human native unfractionated tRNAs (Fig. 1A) . The apparent dissociation constant (K d ) of 5 nM is of the same order of magnitude as that reported for Trbp111 (32 nM) (7) and ARC1p (5-10 nM) (11) , and more than one order of magnitude lower than that observed for AIMP1 (200 nM) (12) . To delineate PftRip tRNA binding activity, this experiment was repeated with fragments PftRip (containing the transmembrane helix) and PftRip 214-402 (containing the Trbp111-like domain). Only the C-terminal module (PftRip 214-402 ) binds tRNAs, with an apparent K d of 15 nM ( Fig. 1 B and C) . These experiments suggest that PftRip has a similar or higher affinity for tRNAs than Trbp111, ARC1p, and AIMP1 and that the C-terminal domain of the protein is responsible for this binding activity.
Significance
We identified a membrane protein that is unique to Plasmodium (malaria-causing parasite) and its phylogenetic family members. This protein is localized at the parasite's surface, binds transfer RNAs (tRNAs) specifically, and directs the import of exogenous tRNAs into the parasite. In the absence of this protein, the parasite's development is severely reduced. We propose that Plasmodium diverts tRNAs from host cells to support its life cycle and discuss the biological pertinence of this unprecedented host-pathogen interaction, as well as the possible fate of imported tRNAs. To investigate the specificity of PftRip 214-402 for tRNAs compared with other RNAs, we conducted competition experiments with different pools of RNAs: (i) 5S ribosomal RNA (rRNA), (ii) 18S and 28S rRNAs, (iii) total RNAs, including tRNAs, and (iv) unfractionated tRNAs. Only extracts containing tRNAs (total RNAs or crude tRNAs) competed efficiently with a preformed complex between labeled human tRNAs and PftRip 214-402 (Fig. 1D ). We then carried out an RNA footprinting analysis to identify contact points between PftRip and tRNAs. PftRip binds to the outside corner of the L-shaped tRNA molecule ( Fig. S3 A and  B) . To further characterize tRNA recognition, we determined whether PftRip could still engage the tRNA in the yeast aspartyltRNA synthetase (AspRS)/tRNA Asp complex (13) . AspRS recognizes the "inside" of the L-shaped tRNA. This experiment showed that both PftRip and AspRS bind simultaneously to tRNA Asp (Fig. S3C) . The formation of this ternary complex confirms that PftRip binds only to the outside of the L-shaped tRNA structure. A similar ternary complex has been observed for tRNA Ile , Trbp111, and isoleucyl-tRNA synthetase (14) .
Expression and Subcellular Localization of tRip in P. berghei. The Plasmodium life cycle is complex, involving several parasite stages. The parasite multiplies in the midgut of the mosquito vector and inside hepatocytes (15) and erythrocytes (16) in the mammalian host (Fig. S4A) . Analysis of transcriptomic and proteomic data from P. falciparum and P. yoelii (plasmodb.org/plasmo/) indicates that tRip is produced virtually constitutively during the parasite life cycle, i.e., in asexual and sexual blood stages (17) (18) (19) , mosquito forms (20) , and pre-erythrocytic stages (21, 22) . Likewise, Toxoplasma (23) or Cryptosporidium (24) transcriptomic databases do not show any significant variations in tRip mRNA expression. Immunofluorescence assays with purified anti-PftRip 214-402 antibodies (Fig. S4B) confirmed the presence of tRip in P. berghei extracellular ookinete and sporozoite stages and intracellular hepatocytic and erythrocytic stages (Fig. S4C) .
Assays using salivary gland sporozoites revealed similar peripheral fluorescence staining for tRip and the major surface protein, CSP (circumsporozoite protein; Fig. 2A ). As the sporozoite pellicle contains an outer membrane (plasma membrane) and two inner membranes, we used the differential solubility characteristics of these membranes toward Triton X-100 to more precisely localize tRip (25) . In untreated sporozoites, the fluorescence signals generated by tRip and CSP were evenly distributed at the parasite periphery (Fig. 2B ). Fluorescence at the periphery was lost following outer membrane disruption with Triton X-100. This observation demonstrates that tRip is anchored to the plasma membrane TX-100 selectively removes the plasma membrane and its associated proteins (CSP and tRip), whereas the inner membrane complex is resistant to this treatment (25) . Sporozoite integrity is shown by GFP staining, with CSP staining shown to verify successful Triton X-100 extraction. (Scale bars, 2 μm.) (C) Subcellular localization of tRip in asexual blood-stage parasites of P. berghei. The schizont of P. berghei was doubly labeled with mouse anti-MSP-1 antibody (surface marker, red) and rabbit anti-tRip antibody (green). Nuclei were visualized with DAPI (blue). (Scale bars, 5 μm.) (D) Protease protection assays on blood-stage parasites. Assays were performed with schizonts freed from erythrocytes, treated with trypsin, and probed with anti-PftRip 214-402 antibody. GFP was used as a cytosolic control, digested by trypsin only under denaturing conditions (+ Triton). (E) Carbonate vs. Triton extraction of membrane proteins from blood-stage parasites (schizonts). Both tRip and the apical membrane antigen 1 (AMA-1) (41) were found in the membrane pellet after Na 2 Co 3 treatment and were released into the supernatant only on Triton treatment.
of the sporozoite, presumably via its protein transmembrane helix motif (Fig. S1) , thus enabling interaction with exogenous tRNAs.
Additionally, in blood-stage parasites, tRip and the surface protein MSP-1 colocalize (Fig. 2C) . Protease protection assays on the parasite blood stage confirmed this cell surface localization (Fig. 2D) because signals corresponding to AMA-1 (apical membrane antigen 1) and tRip both vanished on trypsin treatment. Comparison of carbonate vs. detergent extraction showed that tRip behaves like AMA-1 and is only found in the reaction supernatant after Triton extraction and not after lysis or Na 2 CO 3 treatment, indicating that it is an integral membrane protein (Fig. 2E) .
Plasmodium Sporozoites Import Exogenous tRNAs. All Apicomplexa have in common the sporozoite stage. Unlike blood stages, the sporozoite is an accessible extracellular stage, which is characterized by its motility and its ability to traverse cells (26) (27) (28) without forming a parasitophorous vacuole. Thus, this parasite stage has an opportunity to directly interact with host tRNAs.
For these reasons, we tested the ability of tRip to uptake exogenous tRNAs into P. berghei sporozoites. A FISH experiment was performed with Escherichia coli tRNA Val and live or heattreated sporozoites (50°C for 30 min). Import of E. coli tRNA Val was observed only in live WT parasites (Fig. 3A) . tRNA import was also observed with sporozoites of two other Plasmodium species: P. falciparum and P. yoelii (Fig. 3A) .
To examine whether this import is specific for tRNAs (as implied by the RNA binding assays above; Fig. 1D ), live P. berghei sporozoites were incubated with Alexa Fluor-labeled in vitrotranscribed E. coli tRNA Val and with human 5S rRNA (control). The fluorescent E. coli tRNA Val transcript entered and accumulated inside the parasite, whereas the fluorescent 5S rRNA did not (Fig. S5) . Radiolabeled full-length tRNAs from mouse hepatocytes (Hepa1-6 cells) were protected from extracellular RNase treatment inside live but not heat-treated sporozoites (Fig. 3B) . Based on these results, we conclude that full-length tRNAs enter sporozoites by an active process.
In a first attempt to show that import was dependent on tRip, sporozoites were incubated with an anti-PftRip 214-402 antibody to block tRNA binding in a FISH experiment. The number of parasites demonstrating tRNA import was drastically reduced (Fig.  4A) . Addition of increasing concentrations of recombinant PftRip restored tRNA import, presumably by competing for the antibody. At higher PftRip concentrations, tRNA import ultimately declined because PftRip also competes for exogenous tRNAs (Fig. 4A) .
P. berghei tRip Is Important for Normal Blood-Stage Growth. To assess tRip importance to parasite survival, the tRip-encoding gene (TRIP) was knocked out and replaced in the genome of the WT P. berghei ANKA strain by the hDHFR selectable marker and an mCherry cassette via double cross-over homologous recombination (29) . Several independent tRip-KO clones were isolated, and successful recombination and the absence of tRip expression were confirmed by Southern and Western blot, respectively (Figs. S6A and S7A) .
To confirm that tRNA import in sporozoites is indeed tRip dependent, the tRNA import assay was repeated with tRip-KO sporozoites. As expected, tRNA import was not observed in any tRip-KO sporozoite (>100 sporozoites were examined), consistent with complete ablation of tRNA import had occurred on KO of TRIP (Fig. 4B) .
To determine whether tRip played any role in blood-stage replication, mice were coinfected with tRip-KO (mCherry + )-and GFP-encoding WT blood-stage parasites. The proportions of red and green fluorescent parasites were scored consecutively for 4 d during the parasite exponential growth phase (Fig. 5A and Fig.  S6B ). The proportion of tRip-KO parasites decreased at each multiplication cycle compared with WT parasites. Furthermore, the tRip-KO parasite was completely absent in mouse blood after only four successive passages (Fig. 5B) . Thus, tRip appears to confer a selective advantage to the parasite during blood-stage infection.
We hypothesized that this phenotype might be a consequence of reduced translational activity in blood-stage tRip-KO parasites. To test this hypothesis, metabolic labeling was performed with [ (Fig. S6C) . WT and tRip-KO parasites showed the same translational profiles, with more intense labeling for WT, suggesting that translation is globally reduced in the absence of tRip.
To test whether tRip-KO parasites displayed any other phenotype during the parasite life cycle, Anopheles stephensi mosquitoes were infected with blood-stage parasites. tRip-KO clones developed normally inside mosquito midguts (Fig. S7B) and yielded normal numbers of sporozoites in mosquito salivary glands Fig. 3 . Import of tRNAs in Plasmodium sporozoites. (A) P. berghei, P. yoelii, and P. falciparum WT sporozoites were incubated with (+) or without (−) E. coli tRNA Val and were subjected to FISH. Due to high sequence similarities between mammalian and plasmodial tRNAs, E. coli tRNA Val was chosen as a template so that a specific FISH probe could be designed [3′ end-labeled with Texas Red (TxRd)] that does not cross-hybridize with any Plasmodium endogenous tRNAs. On tRNA import, about 80% of sporozoites (WT P. berghei, P. yoelii, and P. falciparum) hybridized the fluorescent probe. (Scale bars, 2 μm.) (B) Radioactive tRNAs from mouse Hepa1-6 cells were cosedimented with both infectious and noninfectious P. berghei sporozoites in the absence (Left) and presence (Center and Right) of RNase A. Following extracellular RNase treatment, intracellular sporozoite endogenous tRNAs were undamaged (Right), and exogenously added radiolabeled tRNAs were observed within living sporozoites only (Center), indicating tRNA import had occurred. Additional bands correspond to tRNA aggregation resulting from phenol extraction. (Fig. S7C) . Sporozoite infectivity in vivo was then measured by comparing prepatent periods of infection following i.v. injection of 5 × 10 3 WT or mutant salivary gland sporozoites (per 4-wk-old C57BL/6 mouse, five mice per group). Blood-stage parasites were detected in all mice 3 d after injection, and parasitemia at day 4 was indistinguishable between WT and tRip-KO (cl4) parasites (∼0.06% each), indicating that tRip-KO sporozoites induce a normal pre-erythrocytic phase in the mouse (Fig. S7D) . In vitro, tRip-KO parasites developed efficiently inside HepG2 hepatoma cells, releasing similar numbers of merozoites as WT parasites (Fig. S7 E-G) . Therefore, the lack of tRip in P. berghei appears to affect the growth of only blood-stage parasites.
Discussion
Our findings demonstrate a direct connection between tRip and tRNA import in Plasmodium. This discovery not only reveals unsuspected molecular exchanges between the parasite and its host, but is also the first report, to our knowledge, of intracellular import of exogenous tRNA in any cell.
We find that P. falciparum tRip specifically binds human tRNAs, through its C-terminal domain, with affinity similar to that of well-characterized tRNA-binding proteins such as Trbp111 (7) and ARC1p (11) . In agreement with transcriptomic and proteomic data (plasmodb.org/plasmo/), immunolocalization data in P. berghei indicate that tRip is expressed throughout the Plasmodium life cycle, in intra-and extracellular stages (Fig. S4C) , and is integral to the plasma membrane of the sporozoite and blood stages (Fig. 2) . Crucially, WT P. berghei sporozoites, and presumably other parasite stages as well, can import exogenous tRNAs (Fig. 3 ), but this capability is lost on disruption of tRip expression (Fig. 4) . Together, these data indicate that the malaria parasite has the ability to import exogenous tRNAs via a tRip-dependent pathway. Host tRNAs would help parasite protein synthesis, provided (i) they are substrates for plasmodial aminoacyltRNA synthetases or (ii) they import bound host aminoacyl-tRNA synthetase (we observed formation of such a ternary complex between AspRS, tRNA Asp , and tRip in vitro; Fig. S3C ). Imported tRNAs could balance the surprisingly limited expression of endogenous tRNAs or alter a translational bias.
Gene targeting experiments in P. berghei indicate that parasites lacking tRip have a specific defect during the blood phase of the parasite life cycle, i.e., the repeated cycles of parasite multiplication inside erythrocytes is defective. Although lack of tRip is not lethal to blood-stage parasites, coinfection experiments in the mouse blood clearly show that the absence of tRip affects the integrity of blood-stage multiplication (Fig. 5) . This phenotype is concomitant with globally reduced protein synthesis in tRip-KO blood-stage parasites, consistent with a scenario wherein host tRNAs are required for robust protein synthesis to proceed (Fig. S6C) . measured at days 1, 2, 3, and 4 after infection during the course of a first passage (orange) and at day 4 throughout four repeated passages (blue). Values correspond to the ratio of red blood cells infected with tRip-KO parasites to red blood cells infected with WT parasites, at days 1-4 during the first passage (P1, n = 6) and at day 4 during the three following passages (P2-P4, n = 5), error bars are SDs, unpaired t test: *P < 0.05, **P < 0.01, ***P < 0.001.
The observation that tRip is important only during parasite multiplication in the blood is unexpected, from both the parasite stage and host cell perspectives. On the parasite side, why would imported tRNAs be important during the life cycle stage in which multiplication is most limited, and which presumably requires less protein synthesis? Blood-stage parasites only multiply 10-fold per replicative cycle, whereas an oocyst in the mosquito midgut or the liver stage in the mammalian host give rise to tens of thousands of parasite progeny during schizogony (Fig. S4A) . In this context, it is interesting to note that orthologs of Plasmodium tRip-encoding genes are found only among apicomplexan parasites, which lack an RNA interference pathway (RNAi, except for T. gondii) (30) . Imported tRNAs may thus serve as a source of regulatory RNAs. In fact, tRNAs and tRNA fragments act as regulatory molecules in other organisms (31) (32) (33) . Parasites may thus rely on exogenous tRNAs as a growth regulatory mechanism.
On the host cell side, there is no direct evidence for the presence of tRNAs in mature erythrocytes (34) . Red blood cells contain no nucleus, and protein biosynthesis is assumed to be absent in these cells. However, mRNAs for the translational machinery are still detected in mature red blood cells (35) . Furthermore, many Plasmodium species preferentially invade reticulocytes (36) , which contain high levels of tRNAs (34) compared with mature erythrocytes (35) .
The parasite stage(s) that actually imports the host tRNAs for blood-stage growth remain unknown. Among blood stages, the extracellular merozoite is short-lived and does not traverse host cells, whereas the intraerythrocytic stages resides within a parasitophorous vacuole (PV). Therefore, the most likely hypothesis is that intraerythrocytic parasites pump tRNAs across the PV membrane and, secondarily, across the parasite plasma membrane via tRip. It could also be speculated that tRNAs may be imported during the liver stage or even the sporozoite stage, the only stage that can traverse host cells and thus lie in direct contact with the host cell cytosol and tRNAs, for use in subsequent developmental stages. However, cell traversal-deficient parasites have no defect in invading and developing inside hepatocytes in vivo and in vitro, nor in subsequent development inside erythrocytes (28) . We cannot exclude the possibility that tRip, may have a function other than tRNA import during blood-stage growth. For example it might interact with aminoacyl-tRNA synthetases in a manner similar to other Trbp111 homologs such as yeast ARC1p (8), human AIMP1 (9), and Toxoplasma gondii Tg-43 (10).
In conclusion, our data describing the tRip-directed import of external tRNAs reveal a novel adaptation of Plasmodium parasites to their host, as well as a first occurrence of optimal cell growth dependent on import of exogenous tRNA. Incidentally, tRip function provides a unique molecular system for targeting exogenous molecules into the cytosol of Plasmodium cells.
Materials and Methods
Identification of PftRip Gene. Additional information can be found in SI Materials and Methods. The PftRip gene (PF14_0401) was identified by blasting the yeast ARC1p (NP_011410) and human AIMP1 (NP_004748) sequences against PlasmoDB (plasmodb.org/plasmo/). The sequence alignment was computed with TCoffee software (tcoffee.vital-it.ch/apps/tcoffee/index.html), and the detection of the transmembrane helix was achieved with the PredictProtein software (https://www.predictprotein.org:443/).
PftRip Cloning and Production. The PftRip gene was amplified by PCR from a P. falciparum cDNA library (provided by H. Vial, CNRS UMR 5235, University of Montpellier 2, Montpellier, France) and sequenced. Both PftRip and PftRip 1-174 were cloned into pQE30 (Qiagen) to produce proteins with a 6-histidine fusion tags at their N termini. The recombinant PftRip 214-402 , corresponding to the 260-amino-acid C-terminal domain, was cloned into pGEX-2T (Amersham Biosciences) to yield an N-terminal GST fusion protein.
Thrombin cleavage occurred at Proline 214 (instead of the cleavage site provided in pGEX-2T); thus, the C-terminal domain of PftRip was consequently referred as PftRip 214-402 . Tagged proteins were purified according to the manufacturer's instructions on Ni-NTA resin (PftRip and PftRip , in the presence of 0.005% n-dodecyl β-D-maltopyranoside) or on a gluthationeSepharose resin (PftRip Immunofluorescence. Sporozoite membrane extraction was performed as previously described (25) . Samples were analyzed with rabbit anti-PftRip 214-402 affinity purified using the PftRip 141-402 recombinant protein, rabbit anti-GFP antibodies, and mouse anti-CSP serum (39) and detected with anti-rabbit IgG [fluorescein isothiocyanate (FITC)] and anti-mouse IgG [tetramethylrhodamineisothyocyanate (TRITC)] (Sigma-Aldrich), respectively. Nuclei were spotted with 1 μg/mL DNA stain DAPI (Sigma-Aldrich). Parasites were observed using epifluorescence microscopy (Axiovert200; Zeiss; 100× objective with the corresponding filters). Air-dried infected erythrocytes were acetone fixed, permeabilized with ice cold methanol, and incubated with rabbit anti-tRip antibodies (1:50 dilution). Mouse anti-MSP-1 antibody was used as a colocalization marker (PEM-2; Santa Cruz Biotechnology). The parasite nuclei were stained with DAPI. Parasites were observed using confocal microscopy (LSM780; Zeiss; 60× objective).
Protease Protection Assays. Infected blood was lysed in PBS containing 0.01% saponin for 5 min on ice. The parasites were washed in PBS and incubated for 30 min at 37°C in PBS, 1 mM CaCl 2 , and 6 ng/μL trypsin (Promega), without or with 1% Triton X-100. tRip, AMA-1, and GFP were detected by Western blotting with purified rabbit antibodies raised against the recombinant PftRip 214-402 , anti-AMA-1 rat antibodies (integral membrane protein control), and anti-GFP-rabbit antibodies (cytosolic control).
Solubility Analysis. Carbonate vs. detergent extraction of membrane proteins was performed on P. berghei blood-stage schizonts as described in ref. 40 . Parasites were lysed by three cycles of freeze/thaw in 5 mM Tris·HCl, pH 8.0, containing antiprotease mixture (1/100; Sigma-Aldrich) and centrifuged 10 min at 16,000 × g. The membrane-containing pellets were then incubated for 30 min on ice in 0.1 M Na 2 CO 3 (pH 11.5) or 1% Triton and centrifuged for 15 min at 16,000 × g. All fractions were analyzed by Western blot with specific antibodies against PftRip 214-402 , AMA-1, and GFP. Import Assays. Sporozoites (2 × 10 4 /μL) were first incubated with 0.4 μM radioactive Hepa1-6 tRNAs (50,000 cpm/pmol) in DMEM supplemented with penicillin, streptomycin (Invitrogen), and 1 U/μL RNasin (Promega) for 15 min at room temperature and then washed five times with PBS. After cosedimentation (5 min at 9,000 × g), parasite-bound tRNAs were directly dissolved in loading buffer (20 mM Tris·HCl, pH 7.4, 20 mM EDTA, 8 M urea, and 0.01% of each bromophenol and xylene cyanol dyes) or subjected to RNase A treatment (0.1 μg/μL) for 3 min at 25°C in PBS and phenol extracted (TRI-Reagent; Sigma-Aldrich) before analysis on a denaturing (8 M urea) PAGE (19/1) 12% (wt/vol). For FISH experiments, to avoid cross-tRNA hybridization, and because its sequence was sufficiently distinct from the parasite's tRNAs, E. coli tRNA Val was chosen as a probe. Sporozoites (1 × 10 for 1 h at room temperature in cell-line diagnostic microscope slides. The slides were then washed with PBS and air-dried overnight. Samples were fixed with 4% (wt/vol) paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 10 min at room temperature, and blocked in 2% (wt/vol) BSA, Denhardt's 5×, saline-sodium citrate (SSC) buffer 5×, and 35% (vol/vol) deonizedformamide for 1 h at room temperature. The DNA probes (100 ng/mL; 5′-GAGGTGCTCTCCCAGCTGAGCTAATCACCC-3′) were 3′ end-labeled with Texas Red (TxRd) for probing WT P. berghei sporozoites and with Alexa Fluor 488 (A488) for probing tRip-KO sporozoites. Samples were heated at 75°C for 5 min and incubated together overnight at room temperature in the dark under constant shaking. The slides were washed for 5 min at room temperature with SSC 2× containing 50% (vol/vol) deonized-formamide, and then SSC 2×, SSC 1× containing 1 μg/mL DAPI, and finally SSC 0.5×. Alternatively, sporozoites (1 × 10 3 /μL) were preincubated for 15 min at room temperature in the presence of anti-PftRip 214-402 (1/50 or 1/20) and increasing concentrations of recombinant PftRip (80, 160, 320, and 640 nM) before the addition of 0.4 μM E.coli tRNA Val . P. berghei sporozoites (2 × 10 3 /μL) were mixed with 0.4 μM Alexa Fluorlabeled in vitro-transcribed E. coli tRNA Val or human 5S ribosomal RNA in PBS and RNasin. Immediately after, the mixture (sporozoites and tRNAs) was put between the slide and coverslip with a drop of 0.5% agar/PBS and observed by epifluorescence microscopy.
Parasite Production, Generation of tRip-KO Mutant Parasites, and Phenotyping Procedures. Additional information can be found in SI Materials and Methods. All animal experiments were performed in accordance with the CNRS animal care and use committee guidelines.
